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Abstract. Recent neutrino mass experiments at Mainz and Troitsk using tritium /3-decay have 
reached their sensitivity potential, yielding upper limits of about 2eV /(? for m(ue)- The KArlsruhe 
TRItium Neutrino experiment (KATRIN), designed to reach a sensitivity of m(i>e) ~ Q.2eV/(? 
(90% C.L.), will improve the signal rate by a factor of about 100 with respect to previous experi- 
ments while maintaining the same low background level at an enhanced energy resolution of 0.93 eV 
of the spectrometer which is scaled up by a factor of 10 in linear dimensions. This low background 
rate can only be achieved by active and passive reduction of the background components induced 
by the spectrometer itself and in the detector region. Furthermore, sources of systematic errors 
such as energy losses inside the tritium source or fluctuations of the energy scale of the spectrome- 
ter need to be carefully controlled and analysed. An overview of KATRIN's method to reduce the 
background rate and to determine the systematics as well as the sensitivity on the neutrino mass 
will be presented. 
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1 Introduction 

Despite the results of neutrino oscillation experiments 
providing compelling evidence for non-zero neutrino 
masses, the absolute mass scale still remains undeter- 
mined. This question, which has a strong impact on 
both particle physics and cosmology, can be addressed 
in several, complementary ways, either via astrophysi- 
cal observations or by laboratory experiments. The di- 
rect neutrino mass determination relies on a precise 
measurement of the (3 spectrum (tritium, ^®^Re) near 
its endpoint region. This kinematic approach, repre- 
senting the only fully model-independent method of 
neutrino mass determination, will also be employed 
in the upcoming KATRIN experiment, which is be- 
ing built on site of Forschungszentrum Karlsruhe, Ger- 
many. 

The spectrum N of the kinetic electron energy 
{e.g. for tritium /3-decay, '^H '^He + i>c + e^) can be 
written as 

N = K- F{E,, Z+l)-p,-{E,+ m,c^) ■ {Eq - E,) 
■,/{Eo-E,Y-m^{v,)c\ (1) 

where K contains the nuclear matrix element, F is the 
Fermi function, Z + \ the charge number of the daugh- 
ter nucleus, Pe the electron momentum and Eq the [3 
decay endpoint energy. Taking into account that the 
neutrino flavour eigenstates u^, and v-r are related 
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to the mass eigenstates Vi via a mixing matrix U , and 
considering the smallness of the observed splitting of 
squared masses ^mf^- from oscillation experiments, the 
neutrino mass observable in /3-decay can be expressed 
as 

3 

m'{v,) = Y,\Ue^? ■m'ivi). (2) 

1=1 

One can see from eq. (P) that the influence of m^(i/e) 
on A'' is largest in the region close to the (3 endpoint 
energy where Eq — E^ is small. However, the decay 
rate in this energy range is only very low. Tritium 
as a /^-decaying isotope is an ideal choice because of 
its low endpoint [Eq — 18.6 keV) and short half-life 
(12.3 y). These advantages can best be exploited by us- 
ing an electrostatic retardation spectrometer with the 
additional feature of magnetic adiabatic coUimatiorQ, 
which allows to achieve a very good energy resolution 
and a high luminosity at the same time. 



2 Overview of the KATRIN experiment 

A schematic view of the KATRIN set-up is presented 
in fig. [TJ One of the main components is the window- 
less gaseous tritium source (WGTS), consisting of a 
10 m long tube of 90 mm diameter which contains T2 

^ For details on the MAC-E fllter technique (Magnetic 
Adiabatic CoUimation with an Electrostatic filter), see e.g. 
refs. [1] and H]. 
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Fig. 1. Set-up of the KATRIN experiment: (a) windowless gaseous tritium source, (b) differential and cryo-pumping 
sections, (c) pre-spectrometer, (d) main spectrometer, (e) electron detector. The monitor spectrometer is not shown in 
this schematic view. 



gas of high isotopic purity (> 95%). The gas will be 
injected with a rate of 4.7 Ci/s at the center of the 
source and recovered at both ends to enter a closed 
loop. The column density {pd — 5T0^^/cm^), tempera- 
ture (r = 27K) and guiding magnetic field {B = 3.6T) 
are among the operational parameters that need to be 
stabilised and controlled at a per mil level of preci- 
sion. The electron transport system provides a mag- 
netic field of 5.6 T to adiabadically guide the /3-decay 
electrons towards the spectrometer, while at the same 
time reducing the amount of gas molecules by a differ- 
ential pumping system using turbomolecular pumps. 
The subsequent cryo-pumping section is needed to fur- 
ther enhance the tritium retention factor and prevent 
T2 molecules from entering the spectrometer section. 
A pre-spectrometer serves as a means to reduce the 
energy interval of electrons reaching the main spec- 
trometer to a region 200 to 300 eV below the endpoint 
Eq. Thus, only the part of the spectrum carrying the 
strongest imprint of a finite neutrino mass will be ana- 
lysed with the large main energy filter which provides 
a relative resolution of AE/E = 1/20000. Finally, af- 
ter passing the main spectrometer, the electrons are 
detected by a segmented Silicon PIN diode with 148 
pixels. More details on the experimental configuration 
can be found in ref. p]. 

3 Concepts for background reduction 

Since the count rate in the relevant signal region of 
the P spectrum is so small, particular care needs to 
be taken in order to keep the background rate as low 
as possible. Considering the overall size of the exper- 
imental set-up, this clearly requires special measures. 
The linear dimensions of the main spectrometer, for 
instance, are about 10 times larger than the ones of 
the MAC-E filters previously operated at the neutrino 
mass experiments in Mainz and Troitsk. In this sec- 
tion, a short description of some aspects of the strategy 
for background reduction shall be given. 

— The whole spectrometer section will be kept at 
ultra-high vacuum {p < 10^^^ mbar) in order to 
minimise the scattering of electrons on residual gas 



and thus the possibility of ionisation-induced back- 
ground. Both spectrometers are equipped with a 
heating system allowing bake-out at temperatures 
up to 350° C. 

— The retardation potential of ^ 18.6 kV will be ap- 
plied directly to the stainless steel vacuum vessels 
of the spectrometers. Secondary electrons created 
by radioactive contaminations in the material or 
by impinging cosmic muons have a small, but fi- 
nite chance of reaching the inner volume of the 
spectrometers, from where they can follow mag- 
netic field lines through the spectrometer and onto 
the detector. Electrons starting with low energies 
will get accelerated by the negative potential on 
the vessel electrode to an energy practically indis- 
tinguishable from signal electrons within the en- 
ergy resolution of the detector. A quasi-massless 
wire electrode placed on a more negative potential 
relative to the tank will be implemented in order 
to prevent those secondary electrons from reach- 
ing the inner volume and in particular the detec- 
tor. Experience at the Mainz MAC-E filter [3] has 
demonstrated that a potential difference of about 
100 V is sufficient to reduce the background level 
by a factor of 10 into the mHz region. A double- 
layer inner electrode divided into ^ 240 modules 
will be installed inside the main spectrometer, cov- 
ering its full inner surface area of 690m^. The pur- 
pose of using two wire layers with 100 V potential 
difference to the next layer (or to the vessel wall, 
respectively) is to further enhance the shielding fac- 
tor. In addition, the two-layer design allows to hide 
most parts of the solid-metal mounting structures, 
which could in principle form a source of secondary 
electrons themselves, behind the innermost layer. 

~ Arising from its combination of electric and mag- 
netic fields, the MAC-E filter naturally offers con- 
ditions for the trapping of charged particles. These 
traps can be a source of additional background, 
since trapped particles have a longer pathlength 
and, depending on their energy, can cause ionisa- 
tion (even in an ultra- high vacuum environment). 
Therefore, the avoidance of such trapping condi- 
tions has to be among the design criteria for the 



K. Valerius 



Systematics and background suppression in the KATRIN experiment 



vacuum tank and inner electrode system. In addi- 
tion, the inner electrode of the main spectrometer 
will consist of two separate halves which can be 
used to apply an electric dipole field that helps to 
remove stored particles by means of the ExB drift 
motion. 

— The electron detector, finally, will be situated in- 
side a low-activity passive shielding and an active 
veto system. The option of post-accelerating the 
electrons by a potential of —25 kV is considered in 
order to shift the signal to an energy region with 
lower intrinsic background. 



4 Sources of systematic uncertainties 

KATRIN's sensitivity aim is based on detailed studies 
identifying and evaluating the influence of a number of 
systematic uncertainties, as presented in an extensive 
discussion in ref. [2] . A summary of the main sources 
of systematic errors and the measures foreseen by the 
KATRIN collaboration to keep their influence as low 
as possible is given in the list below. 

1. Inelastic scattering of electrons inside the WGTS. 
The energy loss function needs to be determined 
via deconvolution techniques from dedicated mea- 
surements of the response function (using an elec- 
tron gun as a source of monoenergetic electrons). 

2. Fluctuations of the column density in the WGTS. 
The temperature of the tritium source needs to be 
stabilised on a 0.1% level. Two methods to check 
for fluctuations in the column density consist of (a) 
repeated electron gun measurements to determine 
the ratio of scattered to non-scattered electrons, 
and (b) on-line mass spectrometry to determine 
the isotopic composition combined with a measure- 
ment of the total /3-activity of the WGTS. 

3. HV stability of the retarding potential. Unrecog- 
nised shifts of the retarding potential constitute 
an important source of systematic uncertainty, as 
demonstrated in a study presented in ref. [1]. The 
retarding potential will be monitored by a custom- 
built precision high-voltage divider read by a pre- 
cision digital voltmeter. A third MAC-E filter (the 
former spectrometer of the Mainz neutrino mass 
experiment), connected to the same high voltage as 
the main spectrometer, will form a secondary beam 
line. This 'monitor spectrometer' allows continuous 
control of the absolute energy scale, making use of 
dedicated calibration sources based on monoener- 
getic atomic and nuclear standards (such as con- 
version electrons from ^^mj^j. ^j. photoelectrons 
generated from ^^^Am 7-rays). These sources need 
to be prepared in a way that assures long-term sta- 
bility (and reproducibility) on a ppm level. 

4. Corrections to the transmission function. The trans- 
mission function of the MAC-E filter depends on 
the relative values of the electric potential U and 
the magnetic field B. Unavoidable inhomogeneities 
of U and B across the diameter of the spectrom- 
eter will be mapped onto the sensitive area of the 



electron detector in form of a varying shape of the 
transmission function on each pixel. These small 
corrections need to be determined in dedicated mea- 
surements using an electron gun or a ^Smj^j. ^^^^ 
source at the main spectrometer before the start 
of tritium runs. 

5. Potential variations in the WGTS due to a build- 
up of space charges. With a /3-activity inside the 
WGTS as high as 10^^ Bq, ionising collisions be- 
tween the high-energy electrons and gas molecules 
are likely to play a significant role. On average, 
15 secondary electron- ion pairs are expected to be 
created by each /^-electron. As a consequence, the 
gas inside the WGTS will contain a considerable 
amount of T+, He+, (3HeT)+, TJ and other posi- 
tive ions, forming a quasi-neutral plasma with the 
secondary electrons from the ionisation. The en- 
ergy distribution of these secondary electrons which 
determines the magnitude of the space charge po- 
tential variation has been the subject of Monte 
Carlo simulations 5J. The outcome of these stud- 
ies implies that uncompensated space charge vari- 
ations inside the source should be of the order of 
10 mV. If necessary, the neutrality of the plasma 
could be enhanced by adding low-energy electrons 
from the rear side of the WGTS. 

6. Electronic final state distribution of daughter mole- 
cules. The theoretical description of the f3 spectrum 
as given in eq. ([T]) needs to be altered by taking into 
account excitations of the daughter molecules. As 
the electronic structure of the molecules in question 
is rather simple, reliable quantum-chemical calcu- 
lations are available. In view of KATRIN's sensi- 
tivity aim and the increased requirements with re- 
spect to previous analyses of the tritium /? spec- 
trum, a new investigation of the molecular effects 
has been carried out [6], with emphasis on the fi- 
nal state distribution of the six lowest electronic 
states in ^HeT^, 3HeD+ and ^UeR^ . This hmita- 
tion is justified by the small energy range ~ about 
30 eV below the endpoint Eg - envisioned as an 
evaluation interval for the neutrino mass determi- 
nation in KATRIN. As the first electronic excited 
state in ■^HeT"*' has an excitation energy of 27 eV, 
rotational-vibrational excitations of the electronic 
ground state with their mean excitation energy of 
1.7 eV play a more important role. 

Each of the considered sources of systematic uncer- 
tainties is estimated to give a contribution of about 
o'syst("^^) < 0.007 eV^/c^, thus adding up quadrat- 
ically to a total systematic error of crsyst,tot("T^^) < 
0.017 eV^/c"*. This number is to be compared to the 
expected statistical error. After introducing several im- 
provements, such as an increased luminosity due to a 
larger diameter of source and main spectrometer, en- 
hanced isotopic purity of the T2 gas, and an optimised 
distribution of measurement time at various settings 
of the retarding potential (compare fig. [2]), the statis- 
tical uncertainty after 3 years of full data taking is 
estimated to be Cstat {ml) = 0.018 eVVc^- Here, an 
analysing interval of [Eq — 30 eV, Eq -\- 5 eV] was as- 
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Fig. 2. Statistical uncertainty on tiie observable and 
90% C.L. upper limit on depending on different ana- 
lyisis intervais. The top curve shows the vafues stated in 
the Letter of Intent [7]- Since then, significant improvement 
has been achieved by enlarging the diameter of the tritium 
source from 75 mm to 90 mm (requiring the diameter of the 
main spectrometer to be raised from 7 m to 10 m). Reduc- 
ing the assumed background rate of 10 mHz by a factor of 
10 could improve the sensitivity even further. 



sumed. This means that after 3 effective beam years, 
statistical and systematic errors will contribute about 
equally, yielding a total uncertainty of 



f7tot(m2) = 0.025 eVVc^ 



(3) 



Assuming = 
upper limit of 



0, this uncertainty corresponds to an 



L(90% C.L.) = Vl-64- o-tot = 0.2 eY/c^ 



(4) 



A neutrino mass of = 0.30 eV/c^ (0.35 eV/c^) 
could be detected with a 3a {5a) significance. 

In a recent analysis [H] it was shown that this es- 
timate using the frequentist approach is a rather con- 
servative one, and by applying a Bayesian inference 
method instead, the authors arrived at an estimated 
sensitivity of 0.17 eV/c^ (90% C.L.). 



inner electrode system for the main spectrometer is 
now being assembled at Miinster University and will 
be shipped to Karlsruhe and installed in early 2008. 
The second major component, the WGTS, is presently 
being manufactured at an external company and de- 
livery is expected in 2009. 

Commissioning of the full set-up and the start of 
data taking is scheduled for 2010. A total measuring 
time of 5 years will be necessary to collect the 3 years 
of effective beam time required to reach KATRIN's 
design sensitivity. 
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5 Status and schedule of the KATRIN 
experiment 

Installation works to set up the KATRIN experiment 
are presently under way at Forschungszentrum Karls- 
ruhe, Germany. The new building facilities next to 
the Tritium Laboratory Karlsruhe (TLK) are already 
available, one of them housing the main spectrome- 
ter vessel, which has been delivered to Karlsruhe in 
November 2006. Vacuum tests with the main spec- 
trometer tank (including a bake-out cycle up to a tem- 
perature of 350° C) yielded a preliminary outgassing 
rate of 1 x 10^^^ mbarls"^ cm^^, thus successfully 
meeting the challenging KATRIN requirements. The 



